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Abstract 
The solubility of carbon dioxide (CO2) and hydrogen sulfide (H2S) in basic aqueous electrolyte solutions is determined by a 
combined phase and reaction equilibrium. A cubic equation of state is applied to model the vapor-liquid equilibria of these 
reacting systems. The Peng-Robinson equation of state with Wong-Sandler mixing rules is combined with an extended 
UNIQUAC model for electrolytes where ion-specific interactions are determined from a Debye-Hückel term. The 
thermodynamic model is parameterized for aqueous systems containing carbon dioxide and hydrogen sulfide along with water 
and potassium carbonate solutions at high pressure.  The UNIQUAC binary interaction parameters are estimated by minimizing 
deviations in the liquid phase composition of the model with respect to the experimental data. The data is taken from literature
and is supplemented by own experimental work conducted as part of this study.  
Keywords: phase equilibira, solubility, carbon dioxide, hydrogen sulfide, aqueous system 
1. Introduction 
Hydrocarbon gas streams may contain high levels of CO2 and/or H2S as contaminants. These contaminants have 
to be removed to meet product quality and to prevent greenhouse gas emissions. A prominent technology for the 
separation of the contaminants is absorption/desorption using aqueous electrolyte solutions [1-7]. For the design and 
optimization of these processes, a sound model of the occurring phase equilibria is mandatory.  
For mixtures with electrolytes, useful methods for practical phase equilibrium calculations have been studied [8-
10]. Models for the correlation of salt effect in aqueous solutions [11-16] have been reviewed by Sander et al. [17]. 
The model applied by Thomsen et al. [18] combines a Debye-Hückel term with the UNIQUAC equation. This 
model was used for the liquid phase in combination with the Soave-Redlich-Kwong equation for the vapor phase 
[19]. Aqueous electrolyte solutions containing CO2 and/or NH3 were well described with this approach [19]. But 
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when using two different models for the liquid phase and the vapor phase, the properties of the two phases will not 
become identical, so that the vapor-liquid critical region behavior is incorrectly described. 
Wong and Sandler [20] developed a scheme where an excess Gibbs energy model is used within a mixing rule of 
a cubic equation of state. This circumvents the inconsistencies of different models for the vapor and the liquid phase, 
while maintaining the flexibility of the excess Gibbs energy models. In 1995, the original Wong-Sandler mixing rule 
was reformulated by Orbey and Sandler [21] in a way that eliminates one of its parameters and makes a smooth 
transition from activity coefficient-like behavior to the classical van der Waals mixing rule.  
In this work, we apply an electrolyte variant of the UNIQUAC model (extended UNIQUAC) with the Peng-
Robison equation of state. We solve for the simultaneous phase equilibrium and reaction equilibrium and apply the 
model to the solubility of CO2 in aqueous solutions of potassium carbonate. Wide ranges of concentration are 
thereby covered in a temperature region of 273 K to 383 K and pressures up to 90 bar for this system. 
2. Equation of state 
The Peng-Robinson equation of state according to Stryjek and Vera (PRSV) [22] is applied in this work to 
describe the vapor-liquid equilibrium of CO2/H2S in water and in aqueous electrolyte solutions. The equations of 
state requires four pure component parameters, i.e. the critical temperature and pressure (Tc, Pc), the acentric factor 
Ȧ, and pure component parameter ț1 for each component.  
The thermodynamic model used within the GE-mixing rule is the extended UNIQUAC model described by 
Nicolaisen [23]; it extends the original UNIQUAC model [24] by a Debye-Hückel term to account for the specific 
contributions from the charged species. The extended UNIQUAC model consists of three terms    
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The UNIQUAC model requires two pure component parameters, i.e the volume ri and the surface qi parameter 
and the model provides the energy parameters uki
0 and uki
T as adjustable parameters for every pair of components, 
with 
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The pure component parameters are taken from literature and are summarized in Table 1. 
Phase and reaction equilibrium 
For the binary pairs CO2/water and H2S/water, the dissociation of CO2 and H2S in the liquid phase is very low 
and it can at our conditions be neglected [39]. However, for CO2/potassium carbonate aqueous solutions system, the 
dissociation of carbon dioxide in the liquid phase increases the solubility of CO2. When carbon dioxide is added to 
an aqueous solution of potassium carbonate in small amounts, the CO2 gas is almost completely chemically 
dissolved. However, at higher concentrations when most potassium carbonate has reacted, carbon dioxide becomes 
more and more physically dissolved leading to an increase of the total pressure. We consider ionic species to be 
present only in the liquid phase and limit chemical equilibrium calculations to the liquid phase. The equilibrium can 
then be formulated as 
Phase equilibrium 
)(2)(2 lg COCO    (3) 
)(2)(2 lg OHOH  (4)
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Reaction equilibrium  
+< ++ HHCOOHCO ll 3)(2)(2  (5) 
+<< + HCOHCO 233   (6) 
<+ + OHHOH l )(2 (7)
The influence of the dissociation of the electrolytes on the solubility of CO2 in potassium carbonate is accounted 
for by the Debye-Hückel term in the extended UNIQUAC model and by the chemical reaction equilibria. The 
balance equation for the amount of substance (the number of moles) of a species i in the liquid solution is ni=ni
0+Ȉj
ni,jȟj where ȟj is the extent of reaction j and ni0 denotes the initial amount of component i. The reaction equilibrium 
constants were determined in the standard way [35]. Correlations of heat capacity values with temperature are 
needed for the calculation of the reaction equilibrium constant; these correlations for Cp0 (in J/mol-1K-1) are taken 
from literature [18] with parameters a, b and c summarized in Table 1. The values for ǻfG0 and ǻfH0 for components 
in the aqueous phase are also given in Table 1. 
Parameter optimization 
A modified Levenberg-Marquardt algorithm was used to adjust binary interaction energy parameters (uki
0, uki
T) of 
the model to experimental data. The objective function is written as the relative absolute deviations in mole 
fractions. All derivatives for the gradient-based algorithm are taken by numerical differentiation. 
Table 1. Parameters of pure CO2, H2S, H2O and electrolytes.
Component Tc / K
 a Pc /bar
 a Ȧ a ț1 a
ǻGf
/(kJ/mol) b
(Aqueous 
phase )
ǻHf    
/(kJ/mol) b
(Aqueous 
phase )
r c q c a c b c c c
CO2 304.2 73.83 0.224 0.04285 -385.98 -413.8 1.30
 g 1.12 g 243.057 f 0  f 0  f
H2S 373.09
 d 89.43 d 0.1 d 0.0316 d -- -- 2.333 e 2.326 e -- -- -- 
H20 647.1 220.55 0.345 -0.0663 -237.13 -285.83 0.92
 a 1.4 a 58.37 0.03896 523.88 
HCO3
- -- -- -- -- -586.77 -691.99 11.073 13.529 -51.5 0 0 
H+ -- -- -- -- 0 0 0.13779 10-15 0 0 0 
CO3
2- -- -- -- -- -527.81 -677.14 11.222 10.53 -268.0 0 0 
OH- -- -- -- -- -157.24 -229.99 9.3973 8.8171 1418.2 -3.4446 -51473 
K+ -- -- -- -- -283.27 -252.38 2.2304 2.4306 415.09 -0.8142 -16316
Literature references: a[35];b[36];c[28];d[37];e[38]; f[19];g[24]. 
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3. Experiments 
CO2 was obtained from Hoek Loos (Schiedam, the Netherlands), with a supplier given purity of 99.995 mol-%. 
Potassium carbonate was obtained from J.T. Baker (Deventer, the Netherlands), purchased with a purity of 99.0 
mass-% minimum. The water content was determined to be 1.2 mass-% since the container was exposed to air. The 
uncertainty in the temperature measurements is better than 0.03 K for the measurements, and the pressure 
uncertainty was 0.003 MPa at pressures below 50 bar and 0.01 MPa at higher pressure, with a Cailletet apparatus 
[25]. The experiments were performed according to the synthetic method using high-pressure view cells. Details 
about these setups, instrumentation, uncertainties, and experimental procedure are given by Steen and Loos [26]. 
4. Results and discussion  
Binary system of CO2 / water and H2S / water  
 
The estimation of UNIQUAC binary interaction energy parameters, uki
0 and uki
T are carried out by minimizing the 
deviation in the relative liquid phase composition  of the model with respect to the experimental data.  
No additional binary interaction parameters kij are used along with the Wong-Sandler mixing rule. The resulting 
deviations to the experimental data for CO2/water and H2S/water are summarized in Table 2 and Table 3, 
respectively. The deviations are reported according to 
¦
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The determined UNIQUAC binary interaction energy parameters uki
0 and uki
T for CO2/water are given in Table 5 
and 6, respectively; for H2S/water we obtain uki
0 = 1272.4 and uki
T =1.402. The estimated UNIQUAC binary 
interaction energy parameters are suitable to describe the solubility of CO2 in water in the temperature range of 
288.15-373.15 K and pressures up to 200 bar with an overall accuracy of 3.51%.  For H2S in water, the temperature 
range is 311-444 K and pressure is up to 121 bar with an overall accuracy of 11.65%. A comparison between the 
model correlation results and the experimental data is given in Figure 1 and Figure 2. A fair agreement is obtained, 
with deviations getting more pronounced with increasing pressure. 
 
  
Table 2. Solubility of CO2 in water: Literature references and deviations of calculation results to the experimental 
data . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T/K P /bar Number of data points (%AARD) (x) Reference 
288.15 60.8-202.7 8 3.88% [27] 
293.15 65.9-202.7 8 0.80 % [27] 
298.15 76.0-202.7 6 2.11 % [27] 
313.15 50-200 6 5.65 % [28] 
323.15 
 
1.54-25.05 
50-200 
6 
6 
4.89 % [29] 
[28] 
348.15 
 
3.37-35.91 
50-200 
3 
5 
3.36 % [29] 
[28] 
353.15 20-100 8 1.57 % [30] 
373.15 
 
3.25-23.07 
3.56-45.60 
50-200 
7 
3 
5 
4.47 % [31] 
[29] 
[28] 
Total  71 3.51 % - 
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Table 3. Solubility of H2S in water: Literature references and deviations of calculation results to experimental
data.
Figure 1. Solubility of CO2 in water system. Compari-
son of correlation results (lines) to experimental data 
(symbols) for various temperatures
Figure 2. Vapor-liquid equilibrium of H2S/water 
system. Comparison of correlation results (lines) to 
experimental data (symbols) for various 
temperatures. Insert: rescaled view of the liquid 
phase mole fractions.
System containing CO2 / aqueous solution of potassium carbonate  
Park et al. [33] report the solubility of CO2 in aqueous solutions of potassium carbonate in the low pressure 
range. The experimental data by Kamps et al. [34], are for temperatures of 313.15 K and 353.15 K and two different 
amounts of potassium carbonate, 5.6 and 19.14 mass%, respectively. No precipitation of potassium carbonate occurs 
for these experimental data points. The average absolute relative deviation is given in Table 4 with reference to the 
data points. A comparison of the calculated solubility of CO2 in aqueous solutions of potassium carbonate with the 
experimental data is shown in Figure 3. The estimated UNIQUAC binary interaction energy parameters given in 
Table 5 and Table 6 are valid for the temperature range of 298.15 – 353.15 K and pressures up to 90 bar. Some of 
the uki
0 parameters have been assigned the value 1010, and for the corresponding uki
T parameter the values are zero. 
These values are assigned because H+ and OH- are not present in any significant amount in the solution. The uki
T for 
K+ has also been assigned the value of zero, because at the moment the experimental data used to estimate the 
parameters is not sufficient. For the estimation of 15 parameters, only 41 experimental data points are used. It is 
clear that reducing this ratio is desirable for future work.   
T/K P/bar Number of data points (%AARD) (x) Reference 
5 12.04% 
9 13.57% 
7 13.76% 
8 11.67% 
310.93 
344.26 
377.59 
410.93 
444.26 
0-21 
0-50 
0-105 
0-121 
0-121 8 7.37% 
Total  37 11.65% 
        [32] 
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Table 4. Solubility of CO2 in K2CO3 aqueous solution: Literature references and deviations of calculation results 
to experimental data.
Table 5. 0kiu =
0
iku  parameters for CO2 in K2CO3 aqueous solution.
Uo CO2 H2O HCO3
- H+ CO3
2- OH- K+
CO2 0       
H2O 387.5 0      
HCO3
- 1527.9 154.4 0     
H+ 1010 1010 1010 0    
CO3
2- 189.1 1134.1 55.0 1010 0   
OH- 1010 1010 1010 1010 1010 0  
K+ 907.1 601.6 177.1 1010 194.8 220.6 0 
Table 6. Tkiu =
T
iku  parameters for for CO2 in K2CO3 aqueous solution.
UT CO2 H2O HCO3
- H+ CO3
2- OH- K+
CO2 0       
H2O 2.088 0      
HCO3
- 0.900 1.106 0     
H+ 0 0 0 0    
CO3
2- 1.09 0.800 1.010 0 0   
OH- 0 0 0 0 0 0  
K+ 0 0 0 0 0 0 0 
Experiments were done by the authors to generate more data for CO2-potassium carbonate solution system. The 
comparison of the preliminary experimental data and calculated data is given in Figure 4. The mass concentrations 
of K2CO3 in aqueous solution are 4.957% and 8.981%, respectively. CO2 is subsequently added to the mixture; the 
overall CO2 mass concentration in system is 2.042% and 4.185%. The temperature range is 323.15 K – 393.15 K. 
The pressure range is up to 55 bar. The data was not yet considered in adjusting the binary interaction parameters, 
but the model shows a good agreement to the experimental data. 
T (K) P (bar) K2CO3 mass% N (%AARD) (x) Reference 
298.2 0.7-16.81 5. 5 5.38% [33] 
298.2 0.8-20.58 10. 4 3.33 % [33] 
313.15 4.3-89.8 5.6 7 1.84% [34] 
313.15 3.29-77. 19.14 6 2.45 % [34] 
323.2 2.79-18.78 5. 3 7.15 % [33] 
323.2 3.195-22.3 10. 3 7.40 % [33] 
353.15 4.9-82. 5.6 7 0.78 % [34] 
353.15 7.7-67. 19.14 6 4.92 % [34] 
Total number of data points and average deviation 41 4.16 % 
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Figure 3. Solubility of CO2 in aqueous solutions of 
potassium carbonate at T = 313.15 K and 353.15 K for 
different amounts of potassium carbonate.  Comparison of 
correlation results (lines) to experimental data (symbols) 
for various temperatures. 
Figure 4. Bubble-point lines for two compositions 
of aqueous potassium carbonate solution in mixture 
with carbon dioxide. Comparison of own 
preliminary data (symbols) with calculation results 
of the proposed model (lines). 
4. Conclusion 
The Peng-Robinson equation of state with Wong-Sandler mixing rules together with an extended UNIQUAC 
Gibbs excess energy model were applied to the reactive phase equilibria of aqueous electrolyte solutions. The binary 
interaction energy parameters for mixtures of hydrogen sulfide with water and carbon dioxide with water as well as 
for mixtures of carbon dioxide in potassium carbonate solutions were determined by adjusting them to experimental 
data. The model showed to be suitable for describing these systems in the considered range of conditions.  
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